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Backbone dynamics of homologous fibronectin type III cell
adhesion domains from fibronectin and tenascin
Peter A Carr1, Harold P Erickson2 and Arthur G Palmer III1*
Background: Fibronectin type III domains are found as autonomously-folded
domains in a large variety of multidomain proteins, including extracellular matrix
proteins. A subset of these domains employ an Arg–Gly–Asp (RGD) tripeptide
motif to mediate contact with cell-surface receptors (integrins). This motif
mediates protein–protein interactions in a diverse range of biological
processes, such as in tissue development, wound healing and metastasis. The
molecular basis for affinity and specificity of cell adhesion via type III domains
has not been clearly established. The tenth type III domain from fibronectin
(FNfn10) and the third type III domain from tenascin-C (TNfn3) have 27%
sequence identity and share the same overall protein fold, but present the RGD
motifs in different structural contexts. The dynamical properties of the RGD
motifs may affect the specificity and affinity of the FNfn10 and TNfn3 domains.
Structure-dynamics correlations for these structurally homologous proteins may
reveal common molecular features which are important to the dynamical
properties of proteins.
Results: The intramolecular dynamics of the protein backbones of FNfn10 and
TNfn3 have been studied by 15N nuclear spin relaxation. The FG loop in
FNfn10, which contains the RGD motif, exhibits extensive flexibility on
picosecond to nanosecond timescales, but motions on microsecond to
millisecond timescales are not observed. The equivalent region in TNfn3 is as
rigid as regular elements of secondary structure. The CC¢ loop also is more
flexible on picosecond–nanosecond timescales in FNfn10 than in TNfn3.
Conformational exchange, reflecting flexibility on microsecond–millisecond
timescales, is observed in b strands A and B of both FNfn10 and TNfn3.
Conclusions: Comparison of the structures of the FNfn10 and TNfn3 reveals
several features related to their different dynamical properties. The larger
amplitude motions of loops in FNfn10 are consistent with the hypothesis that
flexibility of these regions facilitates induced-fit recognition of fibronectin by
multiple receptors. Similarly, the more rigid loops of TNfn3 may reflect greater
specificity for particular integrins. The correlations observed between structural
features and dynamical properties of the homologous type III domains indicate
the influence of hydrogen bonding and hydrophobic packing on dynamical
fluctuations in proteins.
Introduction
Many proteins of the extracellular matrix (ECM) play
both a structural and a regulatory role. These proteins are
commonly composed of long polypeptide chains folded
into a series of compact globular domains. These
autonomously-folded protein domains function by binding
to other molecules, and by acting as spacers that separate
and orient other domains of the protein. 
The binding of certain ECM proteins to cell-surface
receptors, known as integrins, is facilitated by a tripeptide
Arg–Gly–Asp (RGD) motif [1]. This RGD-mediated
interaction has a structural role of anchoring cells to the
ECM. Such interactions also mediate signalling  during
development and wound healing. During tumor metasta-
sis, these contacts with the ECM are broken as metastasiz-
ing cells separate from tissues.
Fibronectin is a large dimeric ECM protein that binds to
heparin, collagen, fibrin and gelatin. It binds to several
different integrins through its RGD motif and is ubiqui-
tous in vertebrate tissues [2]. Fibronectin is composed pri-
marily of three types of repeating domains, FN-I, FN-II
and FN-III, which are found as modules in many other
proteins as well. The tenth FN-III domain of fibronectin
(FNfn10), mediates binding to integrins. The RGD motif
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of FNfn10 is essential for this interaction; however, other
FN-III domains adjacent to FNfn10 also have a positive
effect on integrin binding [3].
Tenascin-C is a large hexameric ECM protein with sug-
gested roles in modulating cell adhesion and migration
during development and wound healing [4]. The third
FN-III domain of human tenascin-C (TNfn3) has an
RGD motif in the same region as the RGD motif in
FNfn10. TNfn3 has been shown to cause cell adhesion in
tissue culture [5]; however, in the full length protein, con-
tacts between TNfn3 and the preceding domain may
partly obscure the RGD motif and interfere with cell
adhesion [5,6].
A great deal of structural work has been performed on FN-
III domains, especially FNfn10 [6–9]. FN-III domains are
composed of seven antiparallel b strands denoted A, B, C,
C¢ , E, F, G [6,7], arranged into two sheets (Figure 1). This
fold is very similar to and has been classified as a member
of the immunoglobulin fold superfamily. RGD motifs,
when present, are located in the FG loop. The greatest
structural difference between the FNfn10 and TNfn3
domains occurs in this loop. In FNfn10, two additional
amino acids flank each side of the RGD motif and cause
the FG loop to protrude from the body of the protein.
Three independent structure determinations of FNfn10
have each presented the loop in different conformations
[7–9]. In the two X-ray structures, these conformations may
be influenced by crystal-packing contacts. In the NMR
structure, a scarcity of global constraints allows the confor-
mation to vary over the ensemble of structures. In TNfn3,
the shorter FG loop forms a tight type II¢ b turn [6]. The
other notable structural difference between these two FN-
III domains occurs in the CC¢ loop, which varies between
the two domains in its pattern of backbone hydrogen
bonds and is more extended in FNfn10. Heteronuclear
NOE [7] and T2 [10] measurements in FNfn10 indicate
that the BC, CC¢ and FG loops are flexible, but intramole-
cular dynamical parameters have yet to be determined.
The dynamical nature of interacting molecules can be an
important factor in molecular recognition [11–14]. A ligand
that is constrained in a favorable conformation may bind its
receptor more tightly than a flexible ligand, due to a
decreased entropic cost. On the other hand, a flexible
ligand can adopt multiple conformations, which might
facilitate binding to several different receptors by an
induced-fit mechanism. Thus, dynamical behavior may
serve as a determinant of specificity. Dynamical, time-
dependent, conformational fluctuations may also affect
binding kinetics, because rigid ligands must orient cor-
rectly into a site in an “all or nothing” interaction, whereas
flexible ligands can adapt to a site in a more incremental
process. The structural features of proteins that determine
their dynamical properties are only partly understood.
Detailed experimental analysis of dynamical behavior and
its correlation with structure should lead to an improved
ability to predict the nature of protein-binding interactions.
Nuclear magnetic resonance (NMR) techniques are
capable of analyzing molecular motions on a variety of
timescales at atomic resolution. We have used 15N
nuclear relaxation to probe the dynamics of the protein
backbone amide moieties of FNfn10 and TNfn3 on
picosecond–nanosecond and microsecond–millisecond
timescales. The results illuminate the dynamical aspects
of RGD-mediated interactions and suggest correlations
between dynamical properties and specific structural fea-
tures of these molecules. Comparison between studies
performed on structurally-related proteins is especially
useful, because dynamical properties influenced by the
global fold, local secondary structure, and residue-specific
local interactions can be identified.
Results
The 15N R1, 15N R2 and {1H}–15N NOE parameters for
FNfn10 and TNfn3 were measured using 1H–15N corre-
lated NMR spectroscopy and analyzed using the model-
free formalism [15] to determine the square of the
generalized order parameter, S2; the effective internal cor-
relation time, t e; and a conformational exchange broaden-
ing parameter, Rex, for each backbone amide NH vector. A
global isotropic rotational correlation time, t e, was also
determined for each domain.
Typical proton-detected 1H–15N correlation spectra of
FNfn10 and TNfn3 are presented in Figure 2. Data for 84
of the expected 86 backbone 15N resonances in FNfn10
and 84 of the 85 backbone 15N resonances in TNfn3 were
quantified. The imino 15N of proline residues are not
detected in 1H–15N correlation spectra. Residue K63 of
FNfn10 was excluded from the final results because none
of the statistical models used gave a satisfactory fit.
Results for some residues should be interpreted only qual-
itatively, because their resonance peaks were present as
overlapped pairs in the NMR spectra—(Q46, K54), (L62,
N91) and (Y68, Y92) of FNfn10 and (E54, D65) of TNfn3.
Four residues of TNfn3 (L2, D3, L26 and A27) exhibited
doubled resonance peaks, due to the presence of an addi-
tional N-terminal formylmethionine (fMet) residue in a
substantial fraction of the TNfn3 molecules. Residue R1
does not show doubled peaks because, in the absence of
the fMet, the N-terminal amino protons of R1 are unob-
servable due to rapid exchange with solvent. L26 and A27,
although not close in sequence to the fMet, share contacts
with D3 and L2, respectively, in the folded domain.
The optimized values of t m for FNfn10 and TNfn3 were
determined to be 6.43 ns and 5.19ns, respectively, and
were within 4% of the values estimated from the trimmed
mean R2/R1 ratio. Analysis of the diffusion tensors for
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isotropic, axial and anisotropic models [16] yielded only
slight statistical improvement of axial models over
isotropic models, with estimated axial ratios ranging from
0.9 to 1.25 depending on the subset of backbone NH
vectors analyzed. No improvement was seen for
anisotropic models. Hydrodynamic modelling [17] sug-
gests somewhat larger axial ratios for these domains. This
difference may reflect hydration of the molecules, or pref-
erential orientations of the bond vectors used to deter-
mine the diffusion tensors.
The generalized order parameter, S2, encapsulates the dis-
tributions of bond vector orientations accessible on a
picosecond to nanosecond timescale parameterized by the
effective internal correlation time, t e. Higher values of S2
indicate greater conformational restriction. The order
parameters are presented in Figure 3 as a function of
sequence position and are mapped onto the three-dimen-
sional (3-D) structures of the proteins in Figure 4. The
effective internal correlation times are presented in
Figure 3 as a function of sequence position. Residues 3,
41–43, 45, 76–81, 83 and 84 in FNfn10 and residues 1, 2,
28 and 62 in TNfn3 were fitted with the two-timescale
extension to the model-free formalism [18]. For each
residue showing doubled resonance peaks, the average of
the two determined order parameters is displayed in
Figures 3 and 4. 
The exchange contribution to transverse relaxation, Rex,
represents conformational motions of the protein backbone
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Figure 1
Organization of a fibronectin type III domain.
(a,b) Orthogonal views of a Ca chain trace of
FNfn10 generated from PDB entry 1FNA
using the program MOLSCRIPT [49]. Five 
N-terminal residues not represented in the
structure from 1FNA were built onto the
FNfn10 structure, using InsightII (MSI).
Segments corresponding to the residues of
the RGD motif are in black. (c) Sequence
alignment of TNfn3 with FNfn10. The RGD
cell-adhesion motif is indicated at positions
78–80. Positions of b strands [7] are shown
in boxes. Residues highly conserved in
fibronectin FN-III domains are underlined in
the FNfn10 sequence. Spacings in the TNfn3
sequence represent gaps from alignment with
FNfn10. Numbering corresponds to the
FNfn10 domain. The N-terminal fMet residue
of TNfn3 is not shown. (d) Schematic outline
of b -strand organization.
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occurring on the microsecond to millisecond timescale.
The values of Rex are functions of the chemical shift differ-
ences, the equilibrium populations and the rates associated
with exchange between different conformations [19];
because these parameters are unknown, Rex should be
interpreted qualitatively. The optimized values of Rex are
displayed as a function of sequence position for FNfn10
and TNfn3 in Figure 3, and are mapped onto the 3-D
structures of the proteins in Figure 4. 
Discussion
Oligomerization
Partial aggregation of proteins under the conditions uti-
lized for NMR spectroscopy can systematically affect mea-
sured model-free parameters [20]. In particular, the
apparent order parameter and effective internal correlation
time are increased by partial dimerization. TNfn3 and
FNfn10 have nearly identical molecular masses and
shapes; consequently, the differences between the appar-
ent t m values of 5.19ns and 6.43ns may reflect partial
oligomerization, with a millimolar value of KD. To test for
oligomerization, R1 and R2 measurements were repeated
for samples of threefold lower concentration.
The overall rotational correlation time for TNfn3 is
unchanged in the low concentration sample (M Akke and
AG Palmer, unpublished data), which suggests that aggre-
gation of TNfn3 is negligible under NMR conditions. In
contrast, the apparent t m for FNfn10 is reduced from 6.43
to 5.6ns, which confirms partial aggregation of FNfn10 at
high concentration. The difference in oligomerization
properties of the two FN-III domains may reflect the large
difference in predicted formal charge (0 and –9 for
FNfn10 and TNfn3, respectively) under the conditions
used for NMR spectroscopy. Order parameters extracted
for a subset of FNfn10 residues at low concentration indi-
cate that the order parameters are overestimated by
0.03 – 0.03 due to oligomerization. This bias is only
slightly greater than the mean uncertainty of 0.019 for the
high concentration sample. Such a difference is consistent
with the observed values of the weighted mean order
parameters in secondary structural elements—0.877 and
0.846 for FNfn10 and TNfn3, respectively. Thus, the true
average S2 for these secondary elements is very similar
between the two homologous domains, approximately
0.85, and only absolute differences in order parameters
between individual residues in FNfn10 and TNfn3
greater than ~ 0.03 should be considered significant.
Importantly, the widths of the distributions of differences
in order parameters for selected residues remain inter-
pretable, even if the mean of the distribution is less than
0.03. Patterns of dynamical behavior within each domain
remain unchanged as a function of oligomerization.
Correlation with structure
The overall dynamic landscapes of the FNfn10 and
TNfn3 domains have much in common. Similarities are
strongest in the regions of greatest structural similarity,
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Figure 2
Representative 2-D 1H–15N correlation
spectra of FNfn10 (a) and TNfn3 (b) for the
initial time points of R1 relaxation
measurements.
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whereas the most notable differences can be traced to key
structural differences between the domains. 
Certain trends are visible in the dynamical properties of
the two domains. Alternating high and low values of the
backbone order parameters are observed in regions of
ordered b strand secondary structure. Strands G and C ¢ of
FNfn10 and strands G and C of TNfn3 show this trend
most clearly (see Figure 4). Similar alternating patterns in
b strands have been observed previously in Escherichia coli
RNase H [21] and in the oligomerization domain of p53
[22]. For FNfn10 and TNfn3, the pattern is seen primar-
ily in strands that are on the edges of a b sheet (i.e. hydro-
gen bonded to another strand on only one side). In b
strands, solvent facing NH groups have average order
parameters of 0.83 for both domains, whereas the NH
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Comparison of model-free parameters of FNfn10 (left) and TNfn3
(right). (a) Generalized order parameters, S2. Gaps indicate missing
data (mostly prolines). b -Sheet secondary structure is indicated by
solid gray bars, labeled with the corresponding strands. Average
uncertainties were 0.019 for FNfn10 and 0.014 for TNfn3. 
(b) Comparison of internal timescale parameters, t e, of FNfn10 and
TNfn3. Only some fitting models result in a t e term. (c) Comparison of
the conformational exchange terms, Rex, for FNfn10 and TNfn3. Only
some fitting models result in an Rex term.
groups forming intramolecular hydrogen bonds have
average order parameters of 0.89 and 0.86 for FNfn10 and
TNfn3, respectively. The alternating pattern of order
parameters is accentuated in strands in which the
residues with intramolecular hydrogen bonds also have
sidechains in the hydrophobic “core” identified by Ely
and coworkers [8]. Core aromatic residues displayed par-
ticularly restricted motion, with average order parameters
0.03 higher than for other core residues. The simplest
interpretation of these effects is that the solvent-facing
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Figure 4
(a) Backbone chain traces of FNfn10 and
TNfn3 color-coded by the generalized order
parameter, S2. FNfn10 structure shown as in
Figure 1a; TNfn3 structure taken from PDB
entry 1TEN. Color scheme: dark blue,
S2 ‡ 0.90; white, S2= 0.75; and bright yellow
S2 £ 0.60. Other colors are interpolated from
this scheme to represent intermediate values.
Residues for which no data was available are
shown in gray. (b) Backbone chain traces of
FNfn10 and TNfn3 color-coded by the
chemical exchange term, Rex. Color scheme:
dark blue, Rex= 0.0; white, Rex= 1.0; and
bright yellow Rex ‡ 3.0. Other colors are
interpolated from this scheme to represent
intermediate values. All modeling and display
was performed in InsightII (MSI).
NH groups hydrogen bond to a fluctuating set of water
molecules, giving rise to greater distributions of confor-
mational states. Buried bulky hydrophobic sidechains, on
the other hand, may further restrict motions of the
nearest backbone NH group.
FNfn10 has a thermal denaturation midpoint of 88° C, one
of the highest known for individual FN-III domains [23],
whereas TNfn3 has a thermal denaturation midpoint of
49° C (M Akke and AG Palmer, unpublished data). The
residues forming the hydrophobic core of the FNfn10
domain have a higher average order parameter (0.88) than
the corresponding residues in TNfn3 (0.86); however, as
noted earlier in the text, the difference between these
order parameters is approximately the same as the dispar-
ity due to the oligomerization of the FNfn10 domain.
Consequently, the thermal stabilities of homologous type
III domains do not appear to be correlated with conforma-
tional flexibility of core residues, as measured by back-
bone order parameters. Also, the dynamic behavior of the
sidechain of conserved residue W22 is almost identical in
each domain, with Ne 1 order parameters of 0.83 – 0.02 and
0.83 – 0.01 and small Rex terms of 1.5 – 0.2 and 0.8 – 0.1 for
FNfn10 and TNfn3, respectively. Therefore, this residue,
which is buried in the hydrophobic core, experiences the
same degree of motional restriction in both proteins,
despite the differences in thermal stability.
The pairwise differences in order parameters for FNfn10
and TNfn3 are shown in Figure 5a for residues in b
strands and in Figure 5b for residues not in b strands.
Large negative differences in Figure 5b reflect the greater
flexibility of the BC, CC¢ and FG loops in FNfn10 than in
TNfn3. The pairwise differences in order parameters for
residues in b strands are classified further in Figure 6.
Data for residues with conserved sidechain character in
TNfn3 and FNfn10 are shown in Figure 6a and data for
residues with non-conserved sidechain character are
shown in Figure 6b. The average difference is similar for
the two sets of residues; however, the width of the distrib-
ution is broader for non-conservative substitutions. This
result suggests that a non-conservative substitution has a
larger impact on local conformational dynamics than a con-
servative one, perhaps by altering sidechain packing and
solvent interactions.
In general, when analyzing the dynamics of protein loops,
the simplest observations often made are that loops are
flexible and that longer loops tend to be more so. Thus,
the FG loop in FNfn10, which is extended by two
residues on each side of the RGD motif, is much more
flexible than the corresponding loop in TNfn3 (average
S2 of 0.59 versus 0.82, respectively). Sequence composi-
tion clearly is also important, however. The CC loops in
both FNfn10 and TNfn3 are of equal lengths; nonethe-
less, the loop in FNfn10 shows much greater flexibility
than that in TNfn3, with mean order parameters of 0.62
and 0.77, respectively. Two notable features are probably
responsible for this difference. Firstly, in FNfn10, two
adjacent glycines (G40 and G41) are located at the begin-
ning of the loop and potentially provide considerable con-
formational freedom. Indeed, the sharpest drop in order
parameter is observed between these two residues,
implying that this region serves as a hinge for the motion
of the loop. Secondly, the CC ¢ loop in TNfn3 contains
two mainchain hydrogen bonds (V41–I38 and D44–V41)
that should restrict conformational mobility because at
least one of them would be disrupted by any hinge
motion similar to that proposed for the FNfn10 loop. The
pattern of hydrogen bonds in the CC ¢ loop of FNfn10 is
slightly different in each of the three known structures,
again implying that a large range of alternative conforma-
tions are accessible. Two of these structures (PDB codes
1TTG and 1FNF) also show a G41–E38 hydrogen bond,
similar to that of TNfn3, which would be disrupted or
contorted by a hinge motion. The dynamical properties of
the FNfn10 and TNfn3 CC ¢ loops also might be distinct
because a proline residue common to both loops is
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Figure 5
Distribution of differences in the generalized order parameter for pairs
of amino acids aligned between FNfn10 and TNfn3. Positive
differences indicate larger values of the order parameter for FNfn10.
(a) 49 residue pairs located in b strands with root mean square (rms)
difference of 0.058. (b) 29 residue pairs not located in b strands with
rms difference of 0.16. 
0
2
4
6
8
C
ou
nt
-0.4 -0.2 0 0.2
∆S2
0
2
4
6
8
C
ou
nt
(a)
(b)
located at different sequence positions and kinks the
backbone in different directions.
The values of Rex for FNfn10 and TNfn3 show striking
similarities that provide evidence for microsecond–mil-
lisecond fluctuations in the same location—strands A and
B—particularly, near the AB turn. A b bulge is seen in all
structures of FNfn10 and TNfn3 in the vicinity of
residues 12 and 13 in strand A. This bulge may create a
degree of instability that facilitates motions of the back-
bones on this timescale. Consistent with this hypothesis is
the observation that the pattern of hydrogen bonds in the
bulge (at the end of strand A) varies between FNfn10 and
TNfn3, and even between different structures of FNfn10.
The residues with high Rex values in FNfn10 include
much of strands A and B. For structures in which the
beginning of strand A is clearly resolved, a second b bulge
is also seen. L8 is the only residue in this region of
FNfn10 that does not exhibit exchange contributions.
The amide proton of this residue is not hydrogen bonded
to the neighboring strand B, but its sidechain contributes
to the hydrophobic core of the protein. The region of fluc-
tuating conformation in FNfn10 also extends to part of
strand E which is in contact with strand B.
TNfn3 shows an additional set of Rex values in a group of
residues that are separated in sequence but close in space
—D30, L50–E52, and D78. This may indicate a region
fluctuating in concert, though several of the Rex values are
too small (less than 2.0 s–1) to draw definitive conclusions.
Correlation with function
The RGD motif of FNfn10 is clearly more flexible on the
ps–ns timescale than that of TNfn3, as indicated by both
the dramatically lower order parameters and much larger
effective internal correlation times. Fibronectin binds to a
number of integrins, suggesting a broad specificity of inter-
action between these molecules [2]. Several of these inte-
grins also bind to other RGD-containing proteins [24]. The
high flexibility of the FNfn10 RGD motif may facilitate
equilibrium binding to a range of different contact sur-
faces, because multiple conformations of the RGD motif
are accessible energetically. The conformational freedom
of the RGD loop in FNfn10 also is consistent with the sug-
gestion of Campbell and coworkers that the flexibility and
solvent exposure of this loop may be responsible for fast
recognition and fitting to receptors [7]. The RGD motif of
TNfn3 is presented in a rigid tight turn that does not pro-
trude much from the surface of the protein. TNfn3 binds
to a smaller number of integrins than FNfn10, but binds to
the a vb 3 integrin with greater affinity [5]. Thus, the more
rigid RGD loop of TNfn3 may exist in a conformation
favoring binding to particular integrins, such as a vb 3. Inter-
actions with other integrins possessing different contact
surfaces might not be as strong because alternative confor-
mations of the TNfn3 RGD loop are energetically disfa-
vored. The conformational dynamics of the RGD loops in
FNfn10 and TNfn3 highlight the potentially different con-
tributions of pre-formed and malleable binding interfaces
to protein–protein recognition.
This correlation between flexibility, binding affinity and
binding specificity has been suggested in other studies.
Many experiments have compared the binding affinities
of linear and conformationally restricted peptides contain-
ing the RGD motif. In general, linear RGD peptides
exhibit binding with several integrins, but the peptides
that show the tightest binding and the greatest integrin
specificity are those in which a specific conformation has
been enforced by peptide cyclization, or by introduction
of D-amino acids or prolines [24–26]. Wüthrich and
coworkers have postulated that the high conformational
variability of loops in certain protein toxins (e.g. CTX IIb)
is responsible for their wide range of specificities [27].
Also, mutations to an atrial natriuretic peptide (ANP) that
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Figure 6
Distribution of differences in the generalized order parameter for pairs
of amino acids aligned between b strands of FNfn10 and TNfn3 (see
Figure 5a), divided into two categories: (a) 21 pairs of conserved
sidechain character with root mean square difference = 0.037; 
(b) 28 residue pairs of differing sidechain character with rms
difference of 0.070. Pairs were considered conserved if they both
belonged to the same category: aromatic (F, W, Y), aliphatic (I, L, V),
polar (N, Q, S, T), basic (K, R) or acidic (D, E). Alanine and glycine
residues were treated as unique categories.
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decreased its flexibility had the additional effect of
increasing the molecules selectivity of binding [28].
Given this relationship between flexibility, affinity and
specificity in molecular recognition, the different struc-
tures and flexibilities of the CC¢ loops raises the question
of possible functional roles for this region. The CC¢ loop
and the RGD motif of FNfn10 are presented approxi-
mately 20Å apart on the same face of the b sandwich. No
contributions from the CC¢ loop in fibronectin or tenascin-
C to integrin binding have been reported; however,
residues implicated in integrin binding by ICAM-3 map
near both the CC¢ and RGD regions in a model of its
related immunoglobulin fold, demonstrating that CC¢
loops have a functional role in some proteins [29]. Also,
ICAM-1, -2 and -3 all share a conserved Glu–Thr amino
acid pair shown to be critical for binding to their respective
integrins [29]. FNfn10 possesses such a pair, E38–T39, in
the same location as in the ICAMs, at the beginning of the
CC¢ loop. The flexibility and extended conformation of
this loop in FNfn10 could facilitate surface presentation of
these two residues for the purpose of making intermolecu-
lar contacts. The CC¢ loop of the preceding (N-terminal)
ninth FN-III domain of fibronectin (FNfn9) is also a can-
didate for integrin contacts [7]. In the FNfn7–10 structure,
the CC¢ loops of FNfn9 and FNfn10 protrude from the
same face of the molecule, roughly equidistant from the
RGD motif [9]. The dynamics of the CC¢ loop, however,
may be quite different in FNfn9 than in FNfn10, because
the FNfn9 loop begins and ends with proline residues, and
contains only one glycine.
Biological implications
The presence of FN-III domains in a large number of
multidomain proteins highlights their importance as a
unit of protein structure. Their common roles in
protein–protein interactions, especially with cell-adhe-
sion receptors (integrins), makes detailed knowledge of
these interactions necessary for understanding the
processes of cell attachment, migration and signaling
during tissue development, wound healing and tumor
metastasis. FNfn10 and TNfn3 are FN-III domains
which bind integrins via an interaction mediated
through a tripeptide motif, RGD. Analysis of the
intramolecular motions of the FNfn10 and TNfn3
domains using NMR spectroscopy provides an opportu-
nity to correlate dynamical flexibility with biological
activity and with related, yet distinct, structural features.
The present study of the dynamics of the protein back-
bones of FNfn10 and TNfn3 by 15N nuclear spin relax-
ation provides insight into correlations between the
dynamical properties of proteins and binding specificity.
The high flexibility of the RGD motif in FNfn10 corre-
lates well with the broad range of integrin receptors to
which it binds. Similarly, the more rigid loops of TNfn3
may contribute to tighter binding to specific integrins.
These results also highlight the potential of the CC¢
loops of FN-III domains to participate in protein–protein
interactions, in addition to the RGD motif.
Both overall trends and subtle local patterns of dynamic
behavior can be correlated with specific structural fea-
tures of FNfn10 and TNfn3. The present comparison
between these domains demonstrates that the dynamical
behavior of homologous proteins can be interpreted at a
fine degree of structural resolution, and serves as an
example of the high information content of dynamics
analyses by NMR.
Materials and methods
Sample preparation
Protein samples corresponding to residues 1416–1509 (referred to
here as 1–94) of human fibronectin and 802–891 (referred to here as
1–90) of human tenascin-C were expressed and purified as described
in [30]. 15N and 13C/15N isotopically-labeled proteins were expressed
using M9 medium [31] containing 15NH4Cl or 15NH4Cl and 13C6 D-
glucose, respectively. All samples prepared for NMR spectroscopy
were in 90%/10% H2O/D2O at pH 5.5. NaN3 was added to a concen-
tration of 2 mM. Dilute HCl was used to adjust the pH. Sample con-
centrations for assignments ranged between 1.0 and 1.5 mM.
Samples used for relaxation studies were 1.2 mM for both proteins;
additional samples were prepared at 0.36 mM for low concentration
relaxation measurements.
NMR spectroscopy
NMR experiments were performed at 300.0 – 0.5 K using a Bruker
AMX 500 spectrometer with 5 mm 1H-X broadband and 1H–13C–15N
triple resonance inverse probes. NMR data was analyzed using Felix
2.10 and 2.30 (MSI), ANSIG [32,33], and in-house software on Silicon
Graphics Indigo and Indigo2 workstations. 
Sequence-specific 15N assignments were obtained for FNfn10 using
15N-separated NOESY–HSQC and TOCSY–HSQC spectra in con-
junction with published 1H assignments for FNfn10 at a different tem-
perature [34]. Spectral widths were 6250 · 1517.5 · 7812.5 Hz in the
t1 · t2 · t3 dimensions. The proton carrier was set to the frequency of
the water resonance at 4.76 ppm relative to DSS. The 15N carrier fre-
quency was set to 119.5 ppm, and was referenced indirectly to liquid
NH3. Sequence-specific resonance assignments for TNfn3 were
obtained by standard double- and triple-resonance methods [35]. 15N-
separated NOESY–HSQC and TOCSY–HSQC spectra were
acquired as for FNfn10, except that a spectral width of 1623.4 Hz was
used in t2. Triple resonance HNCA and HN(CO)CA spectra were
recorded using spectral widths of 2780.9 · 1623.4 · 7812.5 Hz in the
t1 · t2 · t3 dimensions. The carrier for 13C pulses was set at 53.3 ppm
relative to DSS; other chemical shift references were as above. 
Spin-lattice (R1) and spin–spin (R2) relaxation rate constants and
{1H}–15N steady-state nuclear Overhauser effects (NOE) were mea-
sured using established inversion recovery [36], CPMG [37] and
steady state NOE [38] pulse sequences described previously [39,40].
These experiments employed spectral widths of 1517.5 Hz · 12500 Hz
and 1623.4 · 12500 Hz in the t1 · t2 dimensions for FNfn10 and TNfn3,
respectively. Referencing for the t1 (15N) and t2 (1H) dimensions was
performed as for the 15N-separated spectra described above. Typical
spectra are shown in Figure 2.
The R1 and R2 measurements were performed using a total of 16 tran-
sients per t1 experiment (including sensitivity enhancement and quadra-
ture detection); 128 · 8192 complex points were acquired in the t1 · t2
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dimensions for each time point. For the R1 measurements, eight time
points were collected using parametric delays of 0.02, 0.28 (· 2), 0.42,
0.62, 0.98 (· 2) and 2.00 seconds for FNfn10, and 13 time points of
0.02, 0.07 (· 2), 0.16, 0.28 (· 2), 0.42, 0.60 (· 2), 0.95, 1.80 (· 2) and
2.80 seconds for TNfn3. For the R2 measurements, 12 time points
were collected using parametric delays of 0.006, 0.020 (· 2), 0.046,
0.074 (· 2), 0.112, 0.164 (· 2), 0.260 and 0.400 (· 2) for both FNfn10
and TNfn3. The notation · 2 indicates that a duplicate spectrum was
recorded for the indicated time point. The delay between pulses in the
CPMG sequence was 1 ms. Several different resolution enhancement
schemes were applied to the spectra in order to resolve partially over-
lapped peaks in the t1 and/or t2 dimensions. These included exponen-
tial linebroadening or Lorentzian-to-Gaussian transformations for t2
apodization and sinebell or Kaiser functions for t1 apodization. In some
cases, the t1 interferograms were extended twofold using the HSVD
linear prediction algorithm [41]. Uncertainties in peak height measure-
ments were determined from duplicate spectra as described previously
[19,40]. Phenomenological R1 and R2 values and uncertainties were
determined by non-linear least squares fitting for the experimental data
to monoexponential equations as described previously [19].
Measurements of R1 and R2 for low concentration samples of FNfn10
were performed as above, except that 64 transients were recorded
per t1 experiment, with 64 complex points in the t1 dimension. For R1
relaxation measurements, the modified phase cycle of Bax and
coworkers [42] was employed to allow fitting of the data to two-para-
meter equations, and twelve time points (including three duplicates)
were taken. Relaxation measurements of TNfn3 at low concentration
were performed similarly.
The NOE were measured from pairs of spectra recorded with and
without proton saturation during the recycle delay. A total of 16 tran-
sients were recorded per t1 experiment. Proton saturation during the
NOE experiments was obtained by applying a GARP-1 sequence with
a field strength of 1600 Hz for 4 s [43]. For the control experiments,
continuous wave irradiation at the same field strength was applied
100 ppm off-resonance for 4 s. Spectra were recorded using
500 · 8192 complex points in the t1 · t2 dimensions. Resolution
enhancement schemes were employed as described above. NOE
values were determined as the ratios of the peak intensities measured
from spectra with and without saturation during the recycle delay.
Uncertainties in the peak heights were determined as the standard
deviation of the baseplane noise of the spectra. Uncertainties of the
NOE values were obtained by propagating uncertainties in the peak
heights. NOE experiments were recorded in duplicate and the replicate
NOE measurements were averaged by using the experimental uncer-
tainties as weighting factors.
Data analysis
Relaxation of an amide 15N nucleus at high field strength is dominated
by the dipolar interaction with the directly attached proton spin and by
the chemical shift anisotropy interaction. The dependence of the mea-
sured parameters on the spectral density functions is given by [44]:
R1 = (d2/4)[J(w H – w N) + 3J(w N) + 6J(w H + w N)] + c2J( w N) (1)
R2 = (d2/8)[4J(0) + J(w H – w N) + 3J(w N) + 6J(w H) + 6J( w H + w N)] +
(c2/6)[J(0) + 3J(w N)] + Rex (2)
NOE = 1 + (d2/4R1)(g H/g N)[6J(w H + w N) – J(w H – w N)] (3)
in which d = (m 0hg N g H/8p 2) Æ r–3NH æ , c = w NDs /Ö 3, m 0 is the permeability of
free space, h is Planck’s constant, g H and g N are the gyromagnetic ratios
of 1H and 15N respectively, rNH = 1.02 Å is the mean nitrogen–hydrogen
bond length and Ds = –160 and –88.5 ppm is the chemical shift
anisotropy measured for 15N nuclei in helical polypeptide chains [45]
and in tryptophan sidechains [13], respectively. The amplitudes and
timescales of the intramolecular motions of the NH bond vectors are
determined by using the model-free formalism of Lipari and Szabo
[15,46] and extended by Clore and coworkers [18]. In this analysis, the
spectral density function, J(w ), is modeled as:
where t¢ f = t ft m/(t f + t m), t¢ s = t st m(t s + t m), t m is the overall rotational cor-
relation time of the molecule, t f is the effective correlation time for inter-
nal motions on a fast timescale (t f < 100 to 200 ps), t s is the effective
correlation time for internal motions on a slower timescale (tf < ts <tm),
S2 = S2fS2s is the square of the generalized order parameter characteriz-
ing the amplitude of internal motions and S2f and S2s and are the squares
of the order parameters for the internal motions on the fast and slow
timescales, respectively. Motions characterized by the generalized order
parameter are referred to here as motions on the picosecond–nanosec-
ond timescale. This order parameter specifies the degree of spatial
restriction of the bond vector, with the value ranging from zero for
isotropic internal motion to unity for completely restricted motion.
The Rex term of equation (2) represents conformational exchange and
other pseudo-first order processes that contribute to the decay of trans-
verse magnetization [47]. Because the delay in the CPMG sequence is
1 ms, exchange processes will only contribute to this relaxation if the
microscopic exchange rate is within approximately an order of magni-
tude of 1000s–1; furthermore, these processes are undetectable if the
resonance frequency difference between conformers approaches zero.
Conformational exchange processes represented by Rex will be referred
to as dynamics on a microsecond–millisecond timescale.
The program Modelfree 3.1 [19,21] was used in conjunction with in-
house software routines to determine the model free parameters from
the three measured quantities R1, R2 and NOE. For each amide group,
several motional models were considered in the analysis. The model
selection strategy employed has been previously described [21].
Model free parameters were also determined for a subset of the
FNfn10 residues measured at low concentration, using R1 and R2
values to fit to only one- and two-parameter models. The rotational dif-
fusion tensors of FNfn10 and TNfn3 were determined using the local
diffusion approach [16,48]. The known structural coordinates and
experimental R1 and R2 rate constants (of residues not undergoing
exchange processes) were used to compare isotropic, axial and
anisotropic diffusion models. 
Supplementary material
Supplementary material contains tables of 1HN and 15N resonance
assignments, relaxation parameters and dynamical parameters for
FNfn10 and TNfn3. It is available from the internet version of the paper.
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